This study presents the possibility of dissipating mechanical energy with a proof-of-concept prototype magnetostrictive based shunt circuit using passive electrical components. The device consists of a polycrystalline galfenol (Fe-Ga alloy) strip bonded to a brass cantilever beam. Two brass pieces, each containing a permanent magnet, are used to mass load each end of the beam and to provide a magnetic bias field through the galfenol strip. The voltage induced in an induction coil closely wound around the cantilever beam captures the time rate of change of magnetic flux within the galfenol strip as the beam vibrates. The first bending-mode resonant frequency of the device was 69.42 Hz. To dissipate the electrical voltage from the device, a shunt circuit is attached. The effective mechanical impedance for the magnetostrictive shunt circuit is derived. The shunted model is specialized for two shunt circuits: the case of a resistor and that of a capacitance. The experimental results for both the resistive and capacitance shunt circuits validate the shunted magnetostrictive damping model for couple of cased of resistance and capacitance.
INTRODUCTION
Iron-gallium alloys (galfenol) are promising transducer materials that combine high magnetostriction, desirable mechanical properties, high permeability, and a wide operational temperature range. Most of all, the material has relative shock and tensile stress resistive characteristics comparing with other smart materials, like Terfenol-D and piezoelectric materials [1] . This will give more robustness in severe bending vibration application [2] . Structural vibrations are an extensive problem throughout many fields of study.
Vibrations are inherently part of any structure that contains moving parts. Many methods are used to decrease, or dampen vibrations. The methods can be categorized into two main categories: active control methods and passive control methods. Active control methods use sensors, actuators and require controls. Often, they require power to be input and require careful tuning and upkeep. However, active control methods can be quite robust and effective over certain frequencies and structural modes. Active control tends to be costly yet very effective. On the other hand, passive control methods reduce vibration by dissipating energy through dampers such as rubber, hydraulic dashpots, or friction. Passive control methods tend to be less robust but they are easier to implement and need less maintenance and tuning then active control methods. Passive control methods may not be as effective as active control but they can be significantly less expensive. Structural vibration suppression via piezoelectric shunt circuits has been of popular interest in recent years [3, 4, 5] as a passive control method. There are many possible shunt circuits are introduced depends on the main characteristics of active element, such as resistive, inductive, capacitive and switched [6] .
In this study, we are demonstrating magnetostrictive materials (Fe-Ga alloy, for example) as a passive structural vibration damper element. Magnetostrictive materials are distinguished by the phenomenon of dimensional changes occurring in response to change in the magnetization of ferromagnetic material. The inverse is also true, whereby magnetization occurs in response to changes in applied stress fields. This is called the Villari effect. The magnetostrictive material can harvest electricity out of the structural vibrations. To dissipate the electrical energy from the energy harvester configuration, a shunt, or a load, is attached.
Magnetostrictive damping device in this study consists of bimetallic strips include a positive magnetostrictive Fe-based alloy layer, a flexible layer, pickup coil wound around the layer is introduced. Two permanent magnets also are used in the arrangement. An electrical shunting circuit is in electrical communication with the pickup coil, such that vibration in the magnetostrictive alloy layer caused by the vibrating structure generates electric energy, which is then dissipated by the electrical shunting circuit, thus damping vibration in the vibrating structure. The shunt circuit includes an energy dissipation circuit element having a dissipation element resistor, and a phase tuning element capacitor.
COUPLING SHUNTED MAGNETOSTTRICTIVES TO STRUCTURES
To examine the damping performance from shunted circuit, the single degree of freedom system in Figure 1 will be investigated. A pair of magnetostrictive constitutive equation for actuator and sensor is used to derive an additional shunt damping effect. 
where s is the Laplace parameter, n is pickup coil turns, A is pickup coil area. Therefore, the new defined shunt current can be: 
Bi dividing the both sides in Eq. (4) by the system stiffness, K, we can rewrite Eq. (4) as follows:
To obtain the transmissibility of the system, we define following parameters:
where n ω is a natural frequency of a mechanical system, γ is a non-dimensional frequency, and ij D is a generalized magnetomechanical coupling constant. With these parameter definitions, we can simplify equation (5) as:
The transmissibility of the system with the shunted circuit is defined as:
( )( 
Series resistor, capacitance and inductance shunt branch circuit
A series R-L-C branch circuit is shown in Figure x and impedance can be calculated by:
The generalized resonant impedance for a series R-L-C shunt, Ẑ , is given by 
EXPERIMENTAL VERIFICATION
In this section, we will consider the magnetostrictive shunt experimental apparatus and a method for determining the magnetomechanical coupling factor. Comparison between theoretical and experimental results is also presented. 
Magnetostrictive shunt experimental apparatus
The magnetostrictive shunt experimental apparatus has three main parts: the magnetostrictive unimorph beam, pickup coil and permanent magnet as shown in Figure 2 . The magnetostrictive (Fe-Ga alloy) beam is attached to the underside of a brass beam, which is non-magnetic. There are two brass holders for the magnets at each end of the beam. A photograph of the magnetostrictive transducer apparatus, showing the solid base on a shaker, protective brass holder for pickup coil, brass holders for magnets and two accelerometers at the end of the beam (PCB, 352C33) and on the base (PCB, 352C22) as a reference is provided in Figure 3 . When the beam vibrates, the magnetostrictive strip oscillates between tension and compression. As this oscillation occurs, the Fe-Ga beam's magnetic field oscillates as a result of magnetostriction. The oscillating magnetic field creates a change in the current through the pickup coil. The shunt is attached to the ends of the pickup coil to create a circuit. The shunt can be composed of a resistor, a capacitor, or a combination of the two. In Figure 5 , the blue dot symbol shows an experimental measurement of the magneto-mechanical coupling factor. The experimental data were fit with a 2 nd order polynomial function using a least square method as:
This result is depicted in Figure 5 with the red solid line that is superimposed on the experimental result. Curve fit Test result Figure 5 . Experimental measurement for magneto-mechanical coupling factor with curve fit result.
Experimental results
Experiments are performed for comparing resistance and capacitance effect of the shunt circuit performance. The internal function generator of the spectrum analyzer (HP35670A) is used to generate a random base acceleration from 0 to 200 Hz with a spectrum resolution 0.25 Hz. This random signal is used to excite the shunt experimental apparatus, which is mounted on an electro-magnetic shaker being driven through a power amplifier, as shown in Figure 6 . The input signal is measured by an accelerometer (PCB, 352C22), which is attached to the base of the apparatus. The tip dynamic response of the beam is measured by another accelerometer (PCB, 352C33) on the tip. The transmissibility function is defined as a ratio in between these input and output acceleration. 
Simulated results
Several parameters must be determined before conducting the simulation. The open circuit pickup coil inductance of 0.55 H is measured using precision LCR meter (Instek, LCR-819) at 70Hz. The relative permeability of Fe-Ga beam is set to 100. For this simulation, the magneto-mechanical coupling factor T α is used the curve fitted equation. However, the mechanical-magnetic coupling factorα , is not measured in this study, and the value is defined as one tenth of
Also, there is resistance effect from pickup coil and resistance decade box offset depends on the operational frequency, and the initial resistance and capacitance of 960 Ω and 3.5 μF is applied in this simulation.
(a) 
DISCUSSION AND CONCLUSION
In this study, a simple modeling technique of magnetostrictive shunt damper is introduced to describe an additional damping which can be augmented to the equation of motion of the bi-layered galfenol-brass beam system. The shunt current output was formulated from the magnetic flux density fluctuation due to beam vibration. The effectiveness of a series L-R and L-C shunt circuit was demonstrated theoretically and experimentally. It is observed that attenuations of vibration transmissibility with decreasing the shunting resistor in series connection for the L-R shunt circuit and increasing the shunting capacitance in serial L-C shunt circuit. The numerical simulation emulate the experimental trend, however further investigation on mechanical-magnetic coupling factor and non-linear permeability of galfenol will be needed for improving the prediction from simulation.
